Abstract:
Introduction

32
The possibility to perform fast and accurate image processing, thanks to the power of the most 33 recent computers, allows us to conceive new exciting applications of this technology in several fields based displacement/deflection measurement system is described in [16] . In order to achieve a remote 74 measurement, the laser beam of a digital level is collimated and directed to a detector array, which is 75 attached to the remote object to be measured. The system is not suitable for long-term 76 measurements, since the level and the array must be placed on the monitored object and these 77 expensive instruments must be left unattended. Recently a conception of measuring devices using a 78 laser diode and a CCD camera has been proposed for structural monitoring [17] .
79
Among the several technologies used for structures dynamic displacement monitoring, the 80 methods based on laser projection-sensing are increasingly used, thanks to the availability of 81 low-cost hardware. In this context, a methodology able to conjugate high precision, low cost and 82 easiness of use has been set up. The measurement of the lowering is obtained by the variation of the 83 tangent to the elastic line, materialized by the laser beam generated by a pointer attached to the deck 84 bridge structure, and projected on a screen located at an adequate distance, in order to amplify the 
91
The method is characterized by: (1) Low cost; (2) Low weight and small size hardware; (3) Ease of 92 installation; (4) High precision; (5) High frame rate (30 frames per second, upgradeable to 120 by 93 using a common action camera).
94
A method for displacement monitoring by using a laser beam, a projection plate plane and a 95 camera has been presented in [18] . The method described in the present paper differs mainly in the 96 following aspects: (1) In our test, a common low-cost laser pointer, battery-powered, is used; (2) The 
112
The proposed method takes advantage of the laser pointers' property to provide a steady pointing 113 direction and produce a long-range, high-brightness visible imprint.
114
The footprint of a laser positioned at the intrados of a beam and projected on a plane target 115 approximately orthogonal to the direction of the ray, will undergo a displacement ΔH due to two 
131
Lowering and inclination vary depending on the type of structure and the point of application of the 132 load [19] . E.g., in the case of a point load applied to a simply supported uniform beam, the maximum 133 displacement is given by:
This maximum deflection occurs at a distance x1 from the closest support, given by:
The slopes at the ends are:
where:
137 138 
144
the ratio between maximum deflection and slope at end 1 is given by:
the ratio between the deflection at the distance x from the end and the slope at end 1 is given by:
By measuring the inclination at an extreme point where the laser pointer is fixed and knowing the 147 point of application of a load, it is therefore possible to obtain the lowering of the span at any point.
148
The measurement of the slope due to a load is obtained by the variation of the tangent to the elastic 
156
A first test was carried out on a bridge, whose structure is a simply supported space frame girder.
157
The hardware components
158
The hardware components are: (1) a laser pointer; (2) a digital camera for laser footprint video 
162
A SCITOWER SCT306-532nm laser pointer was used. The main characteristics are resumed in 163 
170
The video of the laser footprint was acquired by using a NIKON D610 camera with a 55 mm
171
NIKKOR lens. The main characteristics are shown in Table 2 . 
172
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After the camera calibration, to evaluate the accuracy of the centroid coordinates obtained by 
246
To verify the laser pointer stability, the pointer and the target were positioned on the bridge to 247 be monitored, to have about the same environmental conditions of the test to be carried out.
248
Fifteen videos of five minutes were shot at an hour interval and, for each video, the oscillations 249 of the laser fingerprint centroid were obtained. The short term instability was almost negligible: in 250 fact, a maximum oscillation of 5 pixels during each video was measured, corresponding to an angle 251 of about 0.01 mrad, whereas the maximum difference measured in all videos was 14 pixels.
253
The Test
254
The test was carried out on the bridge of the University of Calabria, Italy. The University of 
261
The layout of the test is shown in figure 5 . The laser pointer is fixed to a tubular element of the 
274
The NIKON 610 camera, used to obtain the footprint video, is positioned on a robust tripod,
275
slightly lateral respect to the laser beam path. The camera-target distance is chosen in order to obtain 
281
The projection plate plane and the optical path are not angled. Actually, by using e.g. a 30°
282 angle like in [18] , the movement of the laser spot centroid in the video image is amplified, and the 283 measurement accuracy is theoretically increased, but this improvement is counterbalanced by the 284 need to double the FoV and, consequently, the GSD.
The correlation techniques allow us to determine the centroid of the footprint with an accuracy 286 better than one pixel, thus the expected error in the measurements of the beam inclination is almost 287 completely due to the laser pointer instability and can be conservatively evaluated 0.05 mrad.
288
The test was carried out during the movements of a truck elevator, used for work on the façade 
304
A frame of the video is shown in Figure 9 . The image shows the truck during the backward 
308
The accurate abscissae of the truck were obtained by a cinematic differential positioning. The
309
Ublox GNSS receiver was set to acquire data with a 5 Hz sampling rate, while the fixed GNSS station 310 at University of Calabria was used as base. Furthermore, two points on transverse beams of the 311 upper deck were surveyed previously, in order to perform a coordinate transformation and obtain 312 the abscissae in the local reference system. 
322
In the Figure 10 we can observe two frames obtained at the beginning and at the end of the test.
323
The ISO sensitivity and the aperture were chosen in order to obtain a radiometric cut off, thus 
329
In Figure 11 , the height of the centroid during the test is shown. In red a trend line (30-sample 330 moving average) is drawn. The origin of ordinates is at the bottom of the frame and the values have 331 been transformed from pixels into mm, while the scale of the frames has been obtained by using the 332 known GSD. Abscissae are in seconds.
333
It is possible to observe that the pointing stability was less than 0.05 mrad (corresponding to 5.8 334 mm for the pointer-target distance equal to 115.70 m).
335
From a qualitative point of view we can observe that the forward -backward movements of the (5), is 4.9 mm.
354
A precise measurement was done by using a Leica 1201+ total station. 
376
Along with the precision obtained, a noticeable goal is the synchronization of the acquisitions,
377
that allows to get the instantaneous position of the mobile load and the deflection.
378
In the next future, the use of a camera with high frame rate is foreseen, in order to demonstrate 379 the usefulness of the method for the control of the bridge's natural frequencies. 
